Introduction {#s1}
============

The surface of SARS-CoV-2 virions is coated with the spike (S) glycoprotein, whose proteolysis is key to the infection lifecycle. After the initial interaction of the S-protein with the ACE2 receptor ([@bib19]), host cell entry is mediated by two key proteolytic steps. The S1 subunit of the S-protein engages ACE2, and viral entry into the host cell is facilitated by proteases that catalyze S1/S2 cleavage ([@bib2]; [@bib1]) at Arginine-667/Serine-668 ([Figure 1a](#fig1){ref-type="fig"}). This is followed by S2' site cleavage that is required for fusion of viral-host cell membranes ([@bib7]; [@bib19]).

![Targeted molecular mimicry by SARS-CoV-2 of human ENaC-ɑ and profiling ACE2-FURIN-ENaC-ɑ co-expression.\
(**a**) The cartoon representation of the S-protein homotrimer from SARS-CoV-2 is shown (PDB ID: 6VSB). One of the monomers is highlighted in red. The alignment of the S1/S2 cleavage site required for the activation of SARS-CoV-2, SARS-CoV, Pangolin-CoV, and Bat-CoV RaTG13 are shown. The four amino acid insertion evolved by SARS-CoV-2, along with the abutting cleavage site is shown in a box. (**b**) The cartoon representation of human ENaC protein is depicted (PDB ID: 6BQN; chain in green), highlighting the ENaC-ɑ chain in green. The alignment on the right captures FURIN cleavage at the S1/S2 site of SARS-CoV-2, along with its striking molecular mimicry of the identical peptide from human ENaC-ɑ protein (dotted loop in the cartoon rendering of human ENaC). The alignment further shows the equivalent 8-mer peptide of mouse ENaC-ɑ that is also known to be cleaved by FURIN. One of the known genetic alterations on human ENaC-ɑ is highlighted as well ([@bib20]). (**c**) The single cell transcriptomic co-expression of ACE2, ENaC-ɑ, and FURIN is summarized. The heatmap depicts the mean relative expression of each gene across the identified cell populations. The human and mouse single cell RNA-seq are visualized independently. The cell types are ranked based on decreasing expression of ACE2. The box highlights the ACE2 positive cell types in human and mouse samples.](elife-58603-fig1){#fig1}

Results {#s2}
=======

We hypothesized that the virus may mimic host substrates to achieve proteolysis. Comparing human-infecting SARS-CoV-2 with SARS-CoV strains, as well as with candidates of zoonotic origin (Pangolin-CoV and Bat-CoV RaTG13), shows that SARS-CoV-2 has evolved a unique sequence insertion at the S1/S2 site ([@bib22]; [Figure 1a](#fig1){ref-type="fig"}). Although the S protein of SARS-CoV-2 shares high sequence identity with the S proteins of Pangolin-CoV (92%) and Bat-CoV RaTG13 (97%), the furin insertion site seems to be uniquely acquired by SARS-CoV-2. The resulting tribasic 8-mer peptide (RRARSVAS) on the SARS-CoV-2 S1/S2 site is conserved among 10,956 of 10,967 circulating strains deposited at GISAID (<https://www.gisaid.org/>) ([@bib6]), as of April 28, 2020 ([Supplementary file 1a](#supp1){ref-type="supplementary-material"}). This peptide is also absent in over 13,000 non-COVID-19 coronavirus S-proteins from the VIPR database ([@bib4]). Strikingly, examining over 10 million peptides (8-mers) of 20,350 canonical human proteins from UniProtKB shows that the peptide of interest (RRARSVAS) is present exclusively in human ENaC-ɑ, also known as SCNN1A (p-value=4E-4) (see Materials and methods). The location of this SARS-CoV-2 mimicked peptide in the ENaC-ɑ structure is in the extracellular domain ([@bib11]; [Figure 1b](#fig1){ref-type="fig"}). This suggests that the SARS-CoV-2 may have specifically evolved to mimic a human protease substrate.

ENaC regulates sodium ion (Na+) and water homeostasis, and ENaC's expression levels are controlled by aldosterone and the associated Renin-Angiotensin-Aldosterone System (RAAS)^6^. In distal lung airways, ENaC is known to play a key role in controlling fluid reabsorption at the air--liquid interface ([@bib15]), and similar to SARS-CoV2, ENaC-ɑ also needs to be proteolytically activated for its function ([@bib17]). FURIN cleaves the equivalent peptide on mouse ENaC-ɑ between the Arginine and Serine residues in the 4^th^ and 5^th^ positions respectively (RSAR\|SASS) ([@bib8]; [@bib9]), akin to the recent report establishing FURIN cleavage at the S1/S2 site of SARS-CoV-2 ([@bib19]; [Figure 1b](#fig1){ref-type="fig"}). It is conceivable that human ENaC activation may be compromised in SARS-CoV-2 infected cells, for instance by SARS-CoV-2 exploiting host FURIN for its own activation. The likely consequence would be low ENaC activity on the surface of the airways leading to compromised fluid reabsorption ([@bib13]; [@bib21]), an important lung pathology in COVID-19 patients with acute respiratory distress syndrome (ARDS). Indeed, the exact mechanism of SARS-CoV-2's potential impact of ENaC activation needs to be investigated.

Although the furin-like cleavage motifs can be found in other viruses ([@bib5]), the exact mimicry of human ENaC-ɑ cleavage site raises the specter that SARS-CoV-2 may be hijacking the protease network of ENaC-ɑ for viral activation. We asked whether there is an overlap between putative SARS-CoV-2 infecting cells and ENaC-ɑ expressing cells. Systematic single cell expression profiling of the ACE2 receptor and ENaC-ɑ was performed across human and mouse samples comprising \~1.3 million cells ([@bib18]; [Figure 1c](#fig1){ref-type="fig"}). Interestingly, ENaC-ɑ is expressed in the nasal epithelial cells, type II alveolar cells of the lungs, tongue keratinocytes, and colon enterocytes ([Figure 1c](#fig1){ref-type="fig"} and [Figure 2---figure supplements 1](#fig2s1){ref-type="fig"}--[6](#fig2s6){ref-type="fig"}), which are all implicated in COVID-19 pathophysiology ([@bib16]; [@bib18]). Further, ACE2 and ENaC-ɑ are known to be expressed generally in the apical membranes of polarized epithelial cells ([@bib3]; [@bib10]). The overlap of the cell-types expressing ACE2 and ENaC-ɑ, and similar spatial distributions at the apical surfaces, suggest that SARS-CoV-2 may be leveraging the protease network responsible for ENaC cleavage.

Beyond FURIN, which cleaves the S1/S2 site ([@bib19]), we were intrigued by the possibility of other host proteases also being exploited by SARS-CoV-2. We created a 160-dimensional vector space (20 amino acids x eight positions on the peptide) for assessment of cleavage similarities between the 178 human proteases with biochemical validation from the MEROPS database (see Materials and methods; 0 \< protease similarity metric \<1) ([@bib14]). This shows that FURIN (PCSK3) has overall proteolytic similarity to select PCSK family members, specifically PCSK5 (0.99), PCSK7 (0.99), PCSK6 (0.99), PCSK4 (0.98), and PCSK2 (0.94) ([Supplementary file 1b](#supp1){ref-type="supplementary-material"}). It is also known that the protease PLG cleaves the ɣ-subunit of ENaC (ENaC-ɣ)([@bib12]).

In order to extrapolate the tissue tropism of SARS-CoV-2 from the lens of the host proteolytic network, we assessed the co-expression of these proteases concomitant with the viral receptor ACE2 and ENaC-ɑ ([Figure 2](#fig2){ref-type="fig"}). This analysis shows that FURIN is expressed with ACE2 and ENaC-ɑ in the colon (immature enterocytes, transit amplifying cells) and pancreas (ductal cells, acinar cells) of human tissues, as well as tongue (keratinocytes) of mouse tissues. PCSK5 and PCSK7 are broadly expressed across multiple cell types with ACE2 and ENaC-ɑ, making it a plausible broad-spectrum protease that may cleave the S1/S2 site. In humans, concomitant with ACE2 and ENaC-ɑ, PCSK6 appears to be expressed in cells from the intestines, pancreas, and lungs, whereas PCSK2 is noted to be co-expressed in the pancreas ([Figure 2](#fig2){ref-type="fig"}). It is worth noting that the extracellular proteases need not necessarily be expressed in the same cells as ACE2 and ENaC-ɑ. Among the PCSK family members with the potential to cleave the mimicked 8-mer peptide, it is intriguing that the same tissue can house multiple proteases and also that multiple tissues do share the same set of proteases.

![Expression profiling of identified proteases.\
The heatmap depicts the relative expression of ACE2 and ENaC-ɑ along with a list of proteases that can potentially cleave the S1/S2 site. The relative expression levels are denoted on a scale of blue (low) to red (high). The rows denote proteases and columns denote cell-types.](elife-58603-fig2){#fig2}

Discussion {#s3}
==========

Our findings emphasize that redundancy may be wired into the mechanisms of host proteolytic activation of SARS-CoV-2. This study should stimulate the design of experiments that confirm the working hypothesis generated by our unbiased and systematic computational analysis. The mimicry of a cleavable host peptide central to pulmonary, renal, and cardiovascular function provides a new perspective to the evolution of SARS-CoV-2 in causing a global coronavirus pandemic.

Materials and methods {#s4}
=====================

Alignment of coronavirus spike proteins {#s4-1}
---------------------------------------

The complete S-protein sequence for SARS-CoV (Uniprot ID: P59594) and SARS-CoV-2 was obtained from uniprot (<ftp://ftp.uniprot.org/pub/databases/uniprot/pre_release/>). The sequences of Pangolin-CoV and Bat-CoV RaTG13 were obtained from the VIPR database (<https://www.viprbrc.org/>). Sequence alignments using Clustal-W, and comparison of SARS-CoV-2 versus other coronavirus strains were performed using JalView^17^.

Analysis of 8-mers of the human proteome {#s4-2}
----------------------------------------

We enumerated 10,257,893 (10.26M) 8-mers from 20,350 reviewed uniprot reference sequences from human proteome (Proteome ID: UP000005640, as accessed on May 4th 2020). The previously identified SARS-CoV-2 8-mer 'RRARSVAS' was in fact found in ENaC-ɑ protein (Uniprot ID: P37088; p-value ≈ 10.26M/20^8^ = 4E-4; chance of finding that particular 8-mer anywhere in the reference sequences).

Calculating the cosine similarity metric for protease cleavage site {#s4-3}
-------------------------------------------------------------------

The position frequency matrix (PFM) of the individual proteases obtained from the MEROPS database ([@bib14]) was converted to a probability weight matrix (PWM) (normalized and scaled) ([Supplementary file 1b](#supp1){ref-type="supplementary-material"}). Out of 178 proteases, there were 146 proteases that had specificity information available on the eight mer peptide spanning the cleavage site (±4). The 20 (amino acids) x 8 (position) matrix defined for each of the proteases were flattened into a single vector with 160 elements. We performed a cosine similarity calculation between all pairs (X,Y) of protease specificity vector. The similarity was derived as the normalized dot product of X and Y: K(X, Y) = \<X, Y\> / (\|\|X\|\|\*\|\|Y\|\|)).

Overlap of cell types expressing ENaC-ɑ, ACE2, and proteases from scRNA-seq datasets {#s4-4}
------------------------------------------------------------------------------------

We performed a systematic expression profiling of the ACE2 and ENaC-ɑ across 65 published human and mouse single-cell studies comprising \~1.3 million cells using nferX Single Cell platform ([Supplementary file 1c](#supp1){ref-type="supplementary-material"}, <https://academia.nferx.com/>) ([@bib18]). The ACE2 expression could be detected in 66 studies (59 studies of human samples and 7 studies of mouse samples) spanning across \~50 tissues, over 450 cell-types and \~1.05 million cells. In order to call a given cell-type to be positive for both ACE2 and a protease we applied a cutoff of 1% of the cells in the total cell-type cluster population to have a non-zero count associated with both ACE2 and the respective protease. The mean expression of the proteases, ENaC-ɑ and ACE2 was derived for individual cell population within each of the studies. The cell-type information was obtained from the author annotations provided for each of the studies. The analysis was performed separately on the mouse and human datasets. For each protease, the mean expression of given cell-population (mean log\[cp10k +1\] counts) was Z-score normalized (to ensure the sd = 1 and mean \~0 for all the genes) to obtain relative expression profiles across all the samples. The same normalization was applied to ACE2 and ENaC-ɑ and both human and mouse datasets were analyzed independently by generating heatmaps. The cell types having zero-expression values of ACE2 were also included as negative control to probe the expression of various proteases.

We performed an analysis to identify the cell types with significant overlap of ACE2 and ENaC-ɑ expression. To this end, we shortlisted cell types in which ENaC-ɑ is expressed in a significantly higher proportion of ACE2-expressing cells than in the overall population of cells of that sub-type. We computed the ratios of these proportions, and used a corresponding Fisher exact test to compute significance.

The authors thank Patrick Lenehan, David Zemmour, Travis Hughes, Tyler Wagner, and Mathai Mammen for their careful review and feedback. The authors are also grateful to Ramakrishna Chilaka for the software visualization tools, and Dhruti Patwardhan, Saranya Marimuthu, Jaya Jain, Dariusz Murakowski, and Enrique Garcia-Rivera for their assistance with databases.
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Additional files {#s6}
================

###### Conservation of S1/S2 site and proteases predicted to cleave it.

(**a**) SARS-CoV-2 variants in the RRARSVAS 8-mer peptide from 10,987 spike (S) protein sequences of the GISAID database. The specific variations are highlighted in **Red**. (**b**) Protease cleavage propensities for FURIN and the other proteases identified as similar from the vector space analysis conducted. Similarity (FURIN) ranges from 0 to 1. Highlighted green are amino acids occurring in greater than 10% of the cleaved substrates at that position (compiled from MEROPS). (**c**) List of single-cell studies analyzed and incorporated into the nferX resource (<https://academia.nferx.com/>).

Data availability {#s7}
=================

All data generated or analysed during this study are included in the manuscript and supporting files.
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**Acceptance summary:**

This study entails an extensive computer analyses in silico demonstrating that the amino acid sequences of the cleavage site of protein S1/S2 of the SARS-CoV2 virus, which is essential for the penetration of the virus into the host cell, corresponds exactly to the cleavage site of ENAC-α subunit. The latter is cleaved by furin, a host protease that, in doing so, activates the Na^+^ channel. A literature analysis carried out by the authors also indicates a significant overlap between the expression of ENAC-α and ACE2, the receptor of the virus, supporting the idea that the SARS-CoV-2 virus has evolved the identity of the cleavage peptide of ENAC-α in order to facilitate its entry inside the host cell. This paper should stimulate the design of experiments aimed at confirming the working hypothesis generated by this in silico analysis.

**Decision letter after peer review:**

Thank you for submitting your article \"SARS-CoV-2 strategically mimics a cleavable pulmonary renal peptide\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Guest Reviewing Editor and Matthias Barton, MD, as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Bernard Rossier (Reviewer \#3).

This decision letter is to help you prepare a revised submission.

We would like to draw your attention to changes in our revision policy that we have made in response to COVID-19 (https://elifesciences.org/articles/57162). Specifically, we are asking editors to accept without delay manuscripts, like yours, that they judge can stand as *eLife* papers without additional data, even if they feel that they would make the manuscript stronger. Thus the revisions requested below only address clarity and presentation.

Summary:

This study entails an in silico evaluation that demonstrates, through extensive computer analyses, that the amino acid sequences of the cleavage site of protein S1/S2 of the SARS-CoV2 virus, essential for the penetration of the virus into the host cell, corresponds exactly to the cleavage site of ENAC-α subunit. The latter is cleaved by Furin, a host protease that, in doing so, activates the Na^+^ channel. A literature analysis carried out by the authors also indicates a significant overlap between the expression of ENAC-α and ACE2, the receptor of the virus, supporting the idea that the SARS-CoV-2 virus has evolved the identity of the cleavage peptide of ENAC-α in order to facilitate its entry inside the host cell.

Essential revisions:

The information that furin is the protease that cleaves the S1/S2 site of the virus is already known (Hofmann et al., Cell, 2020 , Walls et al., 2020. The previous work noted that SARS-CoV-2 contains a polybasic furin recognition site between the S1 and S2 subunits of the spike protein. In this current study, Anand et al. identified that in addition to the furin cleavage site, SARS-CoV-2 contains an 8-mer peptide that is identical to the furin cleavage site in the α subunit of ENaC located at the C-terminal end of the putative inhibitory segment. These results are striking as they seem to suggest that the virus has evolved to cleverly trick the cells by specifically mimicking an ion channel that is known to regulate salt and water in humans.

Hence, the authors should better stress the novelty of their paper, which resides in the correlation be-tween this cleavage site that is present only in SARS-CoV-2 (and not in other coronaviruses) and the ENAC-α, and by emphasizing the evolutionary aspects of their study in relation to the virus pandemics.

There is one particular section in the manuscript that authors should revise. In the third paragraph, the authors overstate the importance of the defined 8-mer peptide by citing a work that identified a premature stop codon in the middle of the 8-mer peptide that truncates the α subunit giving rise to a salt-wasting disease, PHA1. The phenotype is not due to the truncation of the 8-mer peptide but is more likely due to a lack of a formation of a functional ion channel.

Overall, the Authors should thus make an effort to put their findings in the context of the published literature on the control of airway surface liquid (including Rossier and Stutts, 2009). They are right in stating that genetic truncation at the ENaC-α cleavage site causes aldosterone dysregulation in patients. However, it would be important to stress that the furin site is critical for the activation of ENaC. If this activation site is blocked by mimicry of the unique S1/S2 cleavage site, its likely consequence would be very low ENaC activity on the surface of the airways, compromising severely fluid reabsorption, which can explain an important lung phenotype observed in COVID19. The so called \"wet lung\" syndrome, that can occur in premature babies because ENaC is only fully expressed at the time of birth, should be mentioned to support this contention. The PHA Type 1 case described in Welzel et al., 2013, also supports the importance of the furin site for ENaC activation.

Additional issues:

1\) The authors reported in Figure 2---figure supplement 5 ENaC expression in the proximal tubule, which is wrong as ENac is expressed only in the aldosterone sensitive distal nephron (ASDN) (Distal Convoluted Tubule DCT2, Connecting Tubule CNT and Collecting Duct CD).

2\) References should be better placed and selected. For example in the second paragraph, last sentence: the structure of human ENaC (Noreng et al., 2018) should be cited here and not in the third paragraph where earlier work on structure by Vallet et al., 1997 or by Orce et al., 1980 should be cited.

3\) The title is too generic and should mention ENaC rather than "a cleavable pulmonary renal peptide".

10.7554/eLife.58603.sa2

Author response

> Essential revisions:
>
> The information that furin is the protease that cleaves the S1/S2 site of the virus is already known (Hofmann et al., Cell, 2020 , Walls et al., 2020. The previous work noted that SARS-CoV-2 contains a polybasic furin recognition site between the S1 and S2 subunits of the spike protein. In this current study, Anand et al. identified that in addition to the furin cleavage site, SARS-CoV-2 contains an 8-mer peptide that is identical to the furin cleavage site in the α subunit of ENaC located at the C-terminal end of the putative inhibitory segment. These results are striking as they seem to suggest that the virus has evolved to cleverly trick the cells by specifically mimicking an ion channel that is known to regulate salt and water in humans.
>
> Hence, the authors should better stress the novelty of their paper, which resides in the correlation be-tween this cleavage site that is present only in SARS-CoV-2 (and not in other coronaviruses) and the ENAC-α, and by emphasizing the evolutionary aspects of their study in relation to the virus pandemics.

As suggested, we have now updated the manuscript to highlight the evolutionary aspects of our study in relation to virus pandemics. Figure 1A has been updated to compare the S1/S2 cleavage sites from human infecting SARS-CoV and SARS-CoV-2 as well as with candidates of zoonotic origin (Pangolin-CoV and Bat-CoV RatG13). We have also updated the text accordingly:

"We hypothesized that the virus may mimic host substrates in order to achieve proteolysis. \[...\] This suggests that the SARS-CoV-2 may have specifically evolved to mimic a human protease substrate."

"Although the furin-like cleavage motifs can be found in other viruses (Coutard et al., 2020), the exact mimicry of human ENaC-ɑ cleavage site raises the specter that SARS-CoV-2 may be hijacking the protease network of ENaC-ɑ for viral activation."

> There is one particular section in the manuscript that authors should revise. In the third paragraph, the authors overstate the importance of the defined 8-mer peptide by citing a work that identified a premature stop codon in the middle of the 8-mer peptide that truncates the α subunit giving rise to a salt-wasting disease, PHA1. The phenotype is not due to the truncation of the 8-mer peptide but is more likely due to a lack of a formation of a functional ion channel.

We thank the reviewers for this feedback. We now clarify this better:

"ENaC regulates sodium ion (Na+) and water homeostasis and ENaC's expression levels are controlled by aldosterone and the associated Renin-Angiotensin-Aldosterone System (RAAS)(Elbe and Buckland-Merrett, 2017^)^. \[...\] The PHA1 phenotype is likely due to a lack of formation of a functional ion channel, and highlights the salience of the FURIN site for ENaC activation."

> Overall, the Authors should thus make an effort to put their findings in the context of the published literature on the control of airway surface liquid (including Rossier and Stutts, 2009). They are right in stating that genetic truncation at the ENaC-α cleavage site causes aldosterone dysregulation in patients. However, it would be important to stress that the furin site is critical for the activation of ENaC. If this activation site is blocked by mimicry of the unique S1/S2 cleavage site, its likely consequence would be very low ENaC activity on the surface of the airways, compromising severely fluid reabsorption, which can explain an important lung phenotype observed in COVID19. The so called \"wet lung\" syndrome, that can occur in premature babies because ENaC is only fully expressed at the time of birth, should be mentioned to support this contention. The PHA Type 1 case described in Welzel et al., 2013, also sup-ports the importance of the furin site for ENaC activation.

We thank the reviewer for this feedback. We have now revised the text accordingly.

"Among many reported loss-of-function mutations in ENaC-ɑ associated with Pseudohypoaldosteronism type 1 (PHA1), a frameshift mutation leading to a premature stop codon in Serine-205 at the 5^th^ position of the ENaC-ɑ mimicked peptide (RRAR\|SVAS) is also known to cause this monogenic disease (Welzel et al., 2013). \[...\] Indeed, the exact mechanism of SARS-CoV-2's potential hijack of ENaC activation needs to be investigated."

> Additional issues:
>
> 1\) The Authors reported in Figure 2---figure supplement 5 ENaC expression in the proximal tubule, which is wrong as ENac is expressed only in the aldosterone sensitive distal nephron (ASDN) (Distal Convoluted Tubule DCT2, Connecting Tubule CNT and Collecting Duct CD).

We thank the authors for pointing this out. Figure 2---figure supplement 5 has now been updated to include the principal cells from collecting duct along with connecting tubule cells. Although both these cell-types express high levels of ENAC-α (58% and 47%), ACE2 expression was not detected in these cells. In contrast, only 2.77% of the proximal tubule cells had detectable expression of SCNN1A, but a higher percentage (8.46%) of these cells were also observed to express ACE2.

> 2\) References should be better placed and selected. For example in the second paragraph, last sentence: the structure of human ENaC (Noreng et al., 2018) should be cited here and not in the third paragraph where earlier work on structure by Vallet et al., 1997 or by Orce et al., 1980 should be cited.

We now have updated the references as suggested.

> 3\) The title is too generic and should mention ENaC rather than "a cleavable pulmonary renal peptide".

We thank the reviewer for this feedback. We have now updated the title to: "SARS-CoV-2 strategically mimics proteolytic activation of human ENaC".
